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Abstract 



This letter reports on a search for hypothetical heavy neutrinos, A^, and right-handed gauge bosons, 
Wr, in events with with high transverse momentum objects which include two reconstructed leptons 
and at least one hadronic jet. The results were obtained from data corresponding to an integrated 
luminosity of 2.1 fb ' collected in proton-proton collisions at v^=7 TeV with the ATLAS detector at the 
CERN Large Hadron Collider. No excess above the Standard Model background expectation is ob- 
served. Excluded mass regions for Majorana and Dirac neutrinos are presented using two approaches 
for interactions that violate lepton and lepton-flavour numbers. One approach uses an effective op- 
erator framework, the other approach is guided by the Left-Right Symmetric Model. The results de- 
scribed in this letter represent the most stringent limits to date on the masses of heavy neutrinos and 
Wr bosons obtained in direct searches. 
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Abstract This letter reports on a search for hypothetical 
heavy neutrinos, A^, and right-handed gauge bosons, Wr, in 
events with high transverse momentum objects which in- 
clude two reconstructed leptons and at least one hadronic 
jet. The results were obtained from data corresponding to 
an integrated luminosity of 2.1 fb^^ collected in proton- 
proton collisions at y/s=l TeV with the ATLAS detector at 
the CERN Large Hadron Collider No excess above the Stan- 
dard Model background expectation is observed. Excluded 
mass regions for Majorana and Dirac neutrinos are presented 
using two approaches for interactions that violate lepton and 
lepton-flavour numbers. One approach uses an effective op- 
erator framework, the other approach is guided by the Left- 
Right Symmetric Model. The results described in this letter 
represent the most stringent limits to date on the masses of 
heavy neutrinos and Wr bosons obtained in direct searches. 

PACS 16.60.St, 12.38.Qk, 13.85.Rm 



1 Introduction 

The discovery of neutrino oscillations fD^ unambiguously 
establishes that neutrinos have non-zero mass and provides 
clear evidence for physics beyond the Standard Model (SM). 
One possible explanation for the mass of light neutrinos is 
provided by theoretical models based on a Grand Unified 
Theory (GUT). Such models often introduce one or more 
additional neutrino fields, which manifest themselves as new 
heavy particles that could be directly observable at the Large 
Hadron Collider (LHC). In the framework of GUT mod- 
els, the mass of the light neutrinos could be explained via 
the see-saw mechanism \^-^. This predicts niy ~ mj^/niN, 
where, for each generation, niy is the mass of a known light 
neutrino, mo is the Dirac mass for charged fermions of the 
same generation, and mm is the mass of a new heavy neu- 
trino, A'. If the see-saw mechanism were to explain the mas- 



ses of the known neutrinos, both the Ught and the heavy 
neutrinos would have to be Majorana particles. This would 
violate lepton number conservation, and yield a striking sig- 
nature of two leptons with the same charge at the LHC Q. 

This letter reports on a search for new heavy neutrinos of 
either Majorana or Dirac-type, with data corresponding to an 
integrated luminosity of 2.1 fb^' recorded with the ATLAS 
detector at the LHC. Two approaches are employed. The first 
approach aims at exploring possible sources of new physics 
predicting heavy neutrinos using a Lagrangian of effective 
operators (referred to as HNEO hereafter) [|8]. The theory 
is built on effective four-fermion operators (qq' —>■ N£) with 
the N decaying promptly via a three-body decay, A^ — > ijj. 
The second approach is based on the concept of Left-Right 
Symmetry fO'-'lll which extends the electroweak part of the 
SM by a new gauge group. Its force particles (Wr and Z' 
bosons) could be produced at LHC energies. A particular 
implementation of left-right symmetry breaking [12], the 
Left-Right Symmetric Model (LRSM) with doubly-charged 
Higgs bosons 113111411 is used in the present analysis. Ac- 
cording to this model, the heavy neutrinos would be pro- 
duced in the decays of a Wr boson via qq' — > Wr — ?> £N, 
with A^ decaying subsequently via A^ — > £W^ -> £jj. Thus, 
the final state signature for both models consists of two lep- 
tons and two jets with high transverse momenta (pj)- Only 
electrons and muons are considered in this analysis. 

The A^ invariant mass can be fully reconstructed from 
the decay products in both approaches. Given the s-channel 
production in the LRSM, the Wr mass, otW[j, can also be 
reconstructed in this model. The reconstructed Wr boson 
and A^ masses are used to perform the search in the con- 
text of the HNEO and LRSM models, respectively. Like the 
SM neutrinos, heavy neutrinos can mix if their masses are 
different. Both the scenarios of no-mixing |15| and maxi- 
mal mixing 1 16] between two generations of lepton flavours 
(electron and muon) are investigated assuming that the mass 



difference between the heavy neutrinos is much smaller than 
the experimental resolution of their reconstructed invariant 
mass. In the case of maximal mixing, a mass difference of 
2 GeV is assumed. If the heavy neutrinos are of Majorana 
type, they would contribute to both the same-sign (SS) and 
opposite-sign (OS) channels, while heavy Dirac neutrinos 
would contribute solely to the OS channel. 

Heavy neutrinos were previously searched for at LEP 
and excluded for masses up to « 100 GeV fTV-'20\. The 
most stringent direct limits on Wr bosons 1 2 1 22 1 come from 
the Tevatron, where Wr — > tb decays were searched for As- 
suming a branching ratio of 100%, Wr boson masses be- 
low 825 GeV are excluded at 95% confidence level (C.L.). 
Recently, the ATLAS collaboration published an inclusive 
search for new physics in the same-sign dilepton signature 
for an integrated luminosity of 34 pb^ ' [23 1. The 95% C.L. 
limits presented exclude Wr masses up to about 1 TeV for 
the LRSM model and Majorana neutrino masses around 
460 GeV for the HNEO model. 



3 Trigger and Data 

The data used in this analysis were recorded between March 
and August 201 1 at a centre-of-mass energy of 7 TeV. The 
application of beam, detector, and data quality requirements 
results in atotalintegratedluminosity of 2.1 fb^'with an es- 
timated uncertainty of ±3.7% M25II26L The data were recor- 
ded with single lepton (e or ji) triggers f27]. At the last stage 
of the trigger decision, the electron trigger selects candi- 
date electrons with transverse energy Ej > 20 GeV, satis- 
fying shower-shape requirements and matching an ID track. 
For the last part of the dataset, corresponding to an inte- 
grated luminosity of 0.5 fb^^ the threshold was raised to 
22 GeV. The muon trigger selects candidate muons with 
Pt > 18 GeV and \ri\ < 2.4. These triggers reach full ef- 
ficiency for electrons with pj > 25 GeV and muons with 
Pt > 20 GeV. The typical trigger efficiencies measured from 
data for leptons selected for offline analysis are 99 ± 1 % 
for electrons, and 74% and 91% for muons in the barrel 
(\ri\< 1.05) and end-cap (1.05 < |tj| < 2.4) regions, respec- 
tively, with an uncertainty of about ±1%. 



2 The ATLAS detector 



4 Monte Carlo Simulation 



The ATLAS detector II24I is a multipurpose particle physics 
apparatus with a forward-backward symmetric cylindrical 
geometry and nearly 47r coverage in solid anglqj. The in- 
ner tracking detector (ID) covers the pseudorapidity range 
\ri\ < 2.5 and consists of: a silicon pixel detector, provid- 
ing typically three measurements per track; a silicon mi- 
crostrip detector (SCT), which provides typically four to 
five measurements; and, for |J7| < 2.0, a transition radiation 
tracker (TRT), giving typically 30 straw-tube measurements 
per track. The ID is surrounded by a thin superconducting 
solenoid providing a 2 T magnetic field. A high-granularity 
liquid-argon (LAr) sampling electromagnetic calorimeter cov- 
ers the region |tj| < 3.2. An iron-scintillator tile calorime- 
ter provides hadronic coverage in the central rapidity range 
of |tj| < 1.7. The end-cap and forward regions, spanning 
1.5 < |tj| < 4.9, are instrumented with LAr calorimeters 
for both electromagnetic and hadronic measurements. The 
muon spectrometer (MS) surrounds the calorimeters and con- 
sists of a system of air-core superconducting toroid coils, 
precision tracking chambers up to JTjl < 2.7, and detectors 
for triggering in the region of jrj | < 2.4. 



'atlas uses a right-handed coordinate system with its origin at the 
nominal interaction point in the centre of the detector and the z-axis 
coinciding with the axis of the beam pipe. The x-axis points from the 
interaction point to the centre of the LHC ring, and the y-axis points 
upward. CyUndrical coordinates (r,(j>) are used in the transverse plane, 
(j) being the azimuthal angle around the beam pipe. The pseudorapidity 
is defined in terms of the polar angle 9 as T) = — lntan(6/2). 



Fully simulated Monte Carlo (MC) event samples are used 
to develop and validate the analysis procedure, estimate the 
detector acceptance and reconstruction efficiency, and aid 
in the background determination. The simulation of back- 
ground processes is described in detail in Ref. [28 1. For the 
majorbackgrounds, Z/7*4-jets production and top quark pair 
production, Alpgen [^ and Mc@Nlo [30| ai-e used, re- 
spectively. The leading-orderparametrisationCTEQ6Ll [|3T| 
of the parton density functions (PDF) is used for the Alpgen 
simulation, while the next-to-leading order parametrisation 
CTEQ6.6 \2U is used for the Mc@Nlo simulation. Frag- 
mentation and hadronization are performed in both cases 
with Herwig ||32l, using Jimmy [33] for the underlying 
event modelling. Diboson (WW, WZ, and ZZ) event sam- 
ples are generated using Herwig, while MadGraph ll34ll 
interfaced to Pythia II35I is used for W 7 and Z7 production. 
Single top-quark production is generated with Mc@Nlo. 
The production of W+W+ arising from a t-channel gluon ex- 
change, resulting in two jets in the final state and two same- 
sign W bosons, are generated with MadGraph interfaced 
to Pythia. The associated production of a vector boson 
with a tt pair (f fW, ttZ, tty) is simulated with MadGraph 
interfaced with PYTHIA. 

The HNEO signal MC samples are generated using 
CalcHep [l36l and the leading-order PDF CTEQ6L 11311 . 
and hadronization simulated with PYTHIA. All lepton com- 
binations of e,/x or T leading to lepton number violating 
(LNV) signatures, which produce SS or OS dilepton events. 



are included. The model is implemented via a Lagrangian of 
effective operators defined as 
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where n is the operator dimension, A is the scale of LNV 
interactions, a, are the coupling constants between the neu- 
trino A^ and the leptons, and ^i are the effective operators [ 8] . 
The signal samples are produced for four effective operator 
hypotheses: the four-fermion vector operator, ffy, and four- 
fermion scalar operators, ff^i, ^s2, and ^^3- The tree-level- 
generated dimension-6 operator ^y corresponds to duNe, 
while i^ii and ^^2 correspond to QuNL and LNQd respec- 
tively, and ffs3 corresponds to QNLd (e, u, d and L, Q de- 
note the right-handed SU(2) singlets and left-handed SU(2) 
doublets, respectively). The production via the effective op- 
erators ffsi and ffs2 have the same cross section and lead 
to identical event kinematics, which makes them indistin- 
guishable. The production cross sections for the Majorana 
and Dirac neutrinos in the framework of the effective La- 
grangian are related to the energy scale of new physics and 
the coupling constant a ~ a? /A'^, such that the coupling 
can be varied to scan for new physics at different A scales. 

The LRSM signal MC samples are generated using an 
implementation of this model fl4l in P YTHI A, with modified 
leading-order parton distribution functions Mrst2008Lo* 
ll37l . The coupling constants for the Wr and left-handed W 
boson are assumed to be the same, including the CKM ma- 
trix for Wr boson couplings to right-handed chiral quark 
components. It is assumed that there is no mixing between 
the Wr boson and the SM W boson. The LRSM signal MC 
samples are generated constraining the decays to e or /i and 
with m^ < otwr ■ The branching fractions used are the ones 
predicted by Pythia. When the mass difference between 
the Wr and the A^ is large, the leptonic branching fractions 
are k, 8%, and they decrease with decreasing mass differ- 
ence. 

Both Majorana and Dirac type heavy neutrinos are con- 
sidered, assuming that the total production cross section is 
the same for both cases. The leading-order theoretical cross 
sections are used. 

All signal and background samples are generated us- 
ing the ATLAS underlying event tunes 138, 391 and pro- 
cessed through the ATLAS detector simulation ll40l based 
on Geant4 [41]. The MC samples are produced includ- 
ing the simulation of multiple interactions per LHC bunch 
crossing (pile-up). Varying pile-up conditions and their de- 
pendence on the instantaneous luminosity of the LHC are 
taken into account by reweighting MC events to match the 
pile-up conditions measured in data. 



5 Object reconstruction and event selection 

The criteria for electron and muon identification closely fol- 
low those described in Ref. 1421 . Electrons are required to 
pass the "medium" selection criteria, with pi > 25 GeV and 
|t]| < 2.47, excluding the electromagnetic calorimeter tran- 
sition region, 1.37 < JTjl < 1.52 B3JI . To improve the back- 
ground rejection for \rj\> 2.0, more stringent requirements 
are placed on the track-cluster matching in rj and shower 
shape. Electron tracks that pass through an active region of 
the innermost pixel detector are required to have a measure- 
ment in that layer in order to suppress electrons from photon 
conversions. Additionally, an electron whose track matches 
the ID track of a muon candidate is rejected. 

Muons are required to be identified in both the ID and 
the MS systems. The ID track is required to have at least one 
pixel hit, more than five SCT hits, and a number of TRT hits 
that varies with Tj. Muon tracks that pass through an active 
region of the innermost pixel detector are required to have 
a measurement in that layer. The curvatures, as measured 
by the ID and MS systems, must have the same sign. Only 
muons with pj > 25 GeV and |tj | < 2.4 are considered. Se- 
lection criteria on the displacement of the muon relative to 
the primary vertex, selected as the one with the highest Y.p^ 
of associated tracks, are required. The longitudinal (zo) and 
transverse (do) impact parameters must satisfy |zo| < 5 mm, 
\do\ < 0.2 mm, and jc/o/Crfol < 5, where Gd^ is the uncer- 
tainty on do- These cuts reduce the cosmic ray muon back- 
ground to a negligible level and also reduce the background 
from non-prompt muon^. 

To reduce the background due to leptons from decays 
of hadrons (including heavy-flavour hadrons) produced in 
jets, requirements on the isolation of leptons are imposed. 
To evaluate the isolation energy for electrons, the transverse 
energies deposited in the calorimeter towers in a cone in 77- 
(f) space of radius AR = y^{A(f))^ + (4^)^ = 0.2 around the 
electron direction are summed and corrected for energy de- 
position from pile-up events. In addition, the transverse en- 
ergy of the electron, Ej, corrected for energy leakage into 
the neighboring towers, is subtracted. The isolation trans- 
verse energy is required to be less than 15% of the electron 
Ej. An equivalent quantity, E'.^*^"-^, is calculated for the 
muon using a cone size of AR = 0.3. If there is no jet with 
pr > 20 GeV within AR < 0.4 of the muon, E^'^=°-^ is re- 
quired to be less than 15% of the muon pj. Additionally, 
muons with pj < 80 GeV should have no other track with 
Pt > I GeV originating from the primary vertex within a 
cone of AR = 0.3 around the muon. Otherwise, if the muon 
has a jet nearby, it must satisfy pj > 80 GeV and (£'^^"''^//:it 
— 3)/pj > —0.02 GeV^' . These isolation requirements are 
powerful in rejecting background muons and highly effi- 



^Leptons from W, Z and T decays are classified as prompt leptons, 
while leptons any hadron decays are classified as non-prompt leptons. 



cient for selecting signal muons produced in the decays of 
heavy neutrinos and reconstructed near the signal jets in 
cases where the heavy neutrino is boosted. 

Jets are reconstructed using the anti-^t jet clustering al- 
gorithm [44,45 1 with a radius parameter /? = 0.4. The inputs 
to this algorithm are clusters of calorimeter cells seeded by 
cells with energies significantly above the measured noise. 
The energies and momenta of jets are evaluated by perform- 
ing a four-vector sum over these clusters, treating each clus- 
ter as an {E, p) four-vector with zero mass. Jets are cor- 
rected for calorimeter non-compensation, upstream mate- 
rial and other effects using pj and T] -dependent calibration 
factors |46J obtained from MC simulation [47 1, and vali- 
dated with test-beam and collision-data studies. Only jets 
with pj > 20 GeV and |tj| < 2.8 are considered. To avoid 
double counting, the closest jet within AR < 0.5 of an elec- 
tron candidate is discarded. The selected jets must pass qual- 
ity requirements based on their shower shape, and their calori- 
meter signal timing must be consistent with the timing of 
the beam crossings [48 [. Events with any jet that fails the jet 
quaUty criteria are rejected. To suppress jets unrelated to the 
hard scattering of interest, at least 75% of the summed pj of 
all reconstructed tracks associated with a jet with \rj\ < 2.8 
must come from tracks originating from the selected pri- 
mary vertex. During a part of the data-taking period, cor- 
responding to an integrated luminosity of 0.9 fb^', an elec- 
tronic failure in a small T] — ^ region of the LArEM calorime- 
ter created a dead region. For this integrated luminosity, events 
in data and MC containing either an identified electron or 
a jet, with pj > 40 GeV, satisfying -0.1 < rj < 1.5 and 
—0.9 < (j) < —0.5 are rejected, leading to a loss of signal 
efficiency of about 10% for this portion of the data. 

Events are preselected by requiring exactly two identi- 
fied leptons with pj > 25 GeV originating from the primary 
vertex and at least one jet with pj > 20 GeV. At least one 
of the lepton candidates must match a triggered lepton at the 
last stage of the trigger selection. To reduce the number of 
background events from Drell-Yan production and misiden- 
tified leptons, the dilepton invariant mass, m((, is required 
to be greater than 110 GeV. The signal region is then sub- 
divided into SS and OS dilepton events. In the OS dilepton 
channels, further background reduction is achieved by re- 
quiring that the scalar sum of the transverse energies of the 
two leptons and the leading two jets with pj > 20 GeV, de- 
noted by Sj, is greater than 400 GeV. This event selection is 
referred to hereafter as the baseline selection. As mentioned 
previously, the mass of the A^ can be reconstructed from its 
decay products of one lepton and two jets. In the case where 
the N is boosted, the hadronic decay products can be recon- 
structed as one jet due to their proximity to each other For 
scenarios with a large mass splitting between the Wr and A^, 
up to half of the signal events have only one jet. The Wr bo- 
son invariant mass is reconstructed from the leptons and the 



two highest pr jets in events with at least two jets, or a sin- 
gle jet in events with only one jet. Anti-A:t jets are massive, 
and therefore, the jet four-momenta are used in calculating 
the invariant mass. For the LRSM, the Wr boson invariant 
mass, m((jyy is required to be greater than 400 GeV for both 
SS and OS final states. 



6 Background estimation 

Several processes have the potential to contaminate the sig- 
nal regions. The main background to the SS dilepton fi- 
nal state, which is referred to as "fake lepton" background, 
arises from SM W-njets, tt, and multi-jet production where 
one ormorejets are misidentified as prompt isolated leptons. 
This background is measured using a data-driven technique 
rather than using less accurate estimates from MC simula- 
tion. The other significant background arises from charge 
misidentification of a reconstructed electron as a result of 
hard bremsstrahlung followed by asymmetric conversion 

(^hard ^ ^»ft7hard ^ ^.^oft^L^ard)- This background is es- 
timated with a combination of MC and data-driven tech- 
niques. Small contributions from diboson and single top- 
quark events are also accounted for using MC. 

For the e^e^ and /i*/i^ final states, the dominant back- 
grounds are Z/7*4-jets and tt events, with about equal con- 
tributions after all selection criteria are applied. The e*/i^ 
final state is dominated by tt production. The backgrounds 
from tt, single top-quark, and diboson production are es- 
timated from MC simulation, while the estimation of the 
Z/t* 4-jets background is extracted from a normalization to 
the data. The fake lepton background is estimated from data, 
using the same method as for the SS final states. 

A data-driven approach, similar to the one described in 
Refs. II23I28 1. is used to estimate the fake lepton background. 
The method uses "loose" leptons in addition to the candidate 
leptons. Loose muons are defined using the same identifica- 
tion criteria as the candidate muons, except for the isola- 
tion requirements, which are not applied. For the electrons, 
looser requirements on the shower shape variables, track- 
cluster matching, and track quality are used, and the isola- 
tion requirement is not applied. The method uses the frac- 
tions of these loose fake leptons, Rfake, and loose prompt 
leptons, /^prompt, which also pass the candidate lepton re- 
quirements. A 4 X 4 matrix is then employed on the "loose- 
loose" and "loose-tight" dilepton sample to predict the to- 
tal fake lepton background contributing to the SS and OS 
dilepton final states. The /?fake fractions are measured us- 
ing fake lepton enriched control regions containing a single 
loose lepton. Additional criteria are imposed to reduce the 
true lepton contamination from electroweak processes to a 
negligible level. For events in the control regions, the trans- 



verse mass, mx = J2 -p^-E™'' • (1 -coszi^(£,£™'*'*)), is 



required to be less than 40 GeV. E™'^^ is defined as the miss- 
ing transverse momentum based on the calorimeter infor- 
mation and the transverse momenta of muons within | Tj | < 
2.7 II42II . while A(j){£,Ej'^^) is the azimuthal angle separa- 
tion between the lepton and the E™'^^ vectors. Additionally, 
the following requirements are imposed: 40 (jet or e,/?™****) 
< 0.1 for the electi'on control region and 40 (;U,£'™'*'*) < 0.5 
for the muon control region. For the muon control region, an 
additional requirement of at least one jet is imposed. After 
these criteria are applied, the remaining background from 
electroweak processes is estimated to be less than 5%. The 
^prompt fractions are measured using Z boson events satis- 
fying 86 GeV < inci < 96 GeV via a method referred to as 
the "tag-and-probe" method. The "tag" lepton is required to 
satisfy all lepton selection criteria, while the unbiased oppo- 
site charge "probe" lepton should satisfy the loose criteria. 
The ^prompt fractions are parametrised as a function of the 
lepton pj and range from 89% to 98% for muons and 96% 
to 99% for electrons. To improve the accuracy of the pre- 
diction, the fractions are parametrised as a function of kine- 
matic variables separately for leptons that pass the analysis 
trigger requirement and those that do not. The muon Rfake 
is measured separately for muons that originate from heavy 
flavour jets and those that do not, where the jet flavour is 
identified using a combination of the secondary vertex |49J 
and impact parameter-based |50| ^-tagging algorithms. For 
muons, ^fake ranges from 5% to 10% (5% to 40%) for heavy 
flavor (light flavour) jets. For electrons, TJfake ranges from 
45% to 60%. 

A partially data-driven approach is adopted to estimate 
Z/y* -> ee and Z/y* -> ^ji contributions to the OS dilepton 
channels. A control region is defined requiring 80 GeV < 
mee < 100 GeV and > 1 jets, where non-Z boson contribu- 
tions are found to be negligible. Normalization factors be- 
tween the observed number of events in data and the MC 
prediction are obtained as a function of jet multiplicity from 
this region and applied to the MC estimates in the signal 
region. All other backgrounds, including Z/y -^ tt, are es- 
timated from MC simulation. The contribution of Z/7* -^ 
TT is found to be negligible after all selection criteria are 
applied. Table [T] summarises the background estimates for 
the OS channels. In the OS ee and jijj. channels, Z/7* 4-jets 
and tt backgrounds dominate, while the tt production con- 
tributes more than 90% in the ejx channel. Smaller contri- 
butions arise from diboson production and events with fake 
leptons. 

The fraction of reconstructed electrons with charge mis- 
identification due to hard bremsstrahlung is measured from 
simulated Z/7*H-jets events, by comparing the MC gener- 
ated charge of the electron originating from the Z to that of 
the reconstructed electron candidate. The fraction is parame- 
trised as a function of the electron Ej and Tj and applied 
to Z/y -> e+e" and tt — > e^i^bb MC backgrounds to ob- 



tain their contributions to the SS dilepton final state, thus 
benefiting from the large number of simulated OS events. 
Since the MC overestimates the charge misidentification as 
observed in the Z/7* -^ ee data sample, T] -dependent scale 
factors between data and MC simulation are obtained using 
Z/7* -> e±e± events with 80 GeV < mu < 100 GeV. Both 
electrons are required to be within the same r\ range and 
with the same charge. These factors are applied to the MC 
estimates. The rate of charge misidentification due to track- 
ing resolution was found to be negligible within the lepton 
transverse momentum range of interest and in good agree- 
ment with the MC predictions. 

All other backgrounds are estimated from MC simula- 
tion and found to be small, as shown in Table |2] In the SS 
ee and e/i channels, the dominant background arises from 
fake leptons. The next most significant background is di- 
boson production for the e/i channel and Z/7* production 
for the ee channel. The SS /i/i channel is dominated by the 
diboson background with a smaller contribution from fake 
leptons. 



7 Systematic uncertainties 

The dominant contribution to the systematic uncertainties in 
the SS ee and eji channels arises from the fake lepton back- 
ground estimate. As a first step in validating the parametrisa- 
tion of /?fake and /^prompt, a closure test is performed in data. 
Measurements of /? fake and /^prompt are obtained by randomly 
sampling half of the control regions. The predicted values 
are then compared with the values measured in the other half 
of the data. The closure test yields an agreement for /?fake 
and /^prompt of respectively ±40% and ±5% for muons and, 
for electrons, ±5% (±20% for 1 < JT]] < 1.9) and ±2%, 
which are propagated to the fake lepton background esti- 
mate. To evaluate the uncertainty on the overall fake lep- 
ton background estimate, the robustness of the procedure is 
tested against variations across samples. The estimated fake 
lepton background is compared to the observed background 
in SS events passing the same selection as events in the sig- 
nal region but where the sub-leading lepton has a transverse 
momentum between 15 GeV and 25 GeV. The fake lepton 
background contributes between 65% in e^e* to 87% in 
e^pL^ of the total background. This study tests the reliability 
of both the parametrisation and the use of /?fake and /^prompt 
to extract the background prediction. In this sample, the total 
background prediction agrees with the observed data within 
±10%. A ±30% overall systematic uncertainty is assigned 
to cover for the differences between the predicted and the 
observed mu spectra. 

The uncertainties on the background due to the electron 
charge misidentification arise from the limited number of 
MC events used to parametrise the rate and the scale factors 



Table 1 Summary of the expected background yields and observed numbers of events for the OS dilepton channels. The top part of the table 
shows the numbers obtained for events with two leptons, > 1 jet, niu > 110 GeV, and Sj > 400 GeV. The bottom part of the table shows the 
numbers for the final LRSM selection, where an additional requirement nifinj-^ > 400 GeV is imposed. The quoted uncertainties include statistical 
and systematic components, excluding the luminosity uncertainty of ±3.7%. The latter is relevant for all backgrounds except for the fake lepton(s) 
background, which is measured using data. 



Physics Processes 




e^e^ 






M±/iT 






e±;UT 






Total 




Z/7*+jets 

Diboson 

Top 

Fake lepton(s) 


136.1 

4.3 
103.1 

12.5 


± 
± 

± 


12.5 
1.8 

12.3 
8.1 


173.2 

7.3 

100.9 

-0.2 


± 
± 
± 
± 


15.1 
1.9 

12.0 
0.7 


0.8 
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± 
± 
± 
± 


0.8 

1.6 

23.3 

4.2 


310 
18 

403 
18 


± 
± 

± 


20 
3 

46 
9 


Total Background 
Observed events 


256.0 
248 


± 


26.2 


281.2 
245 


± 


27.9 


212.3 
247 


± 


33.8 


750 
740 


± 


78 




'"«/(/) > 400 GeV 


Total Background 
Observed events 


254.8 
246 


± 


25.8 


279.7 
241 


± 


27.6 


210.9 

244 


± 


33.4 


745 
731 


± 


77 



Table 2 Summary of the expected background yields and observed numbers of events for the SS dilepton channels. The top part of the table 
shows the numbers obtained for events with two leptons, > 1 jet and m« > 110 GeV. The bottom part of the table shows the numbers for the 
final LRSM selection, where an additional requirement "i«j(j) > 400 GeV is imposed. The quoted uncertainties include statistical and systematic 
components, excluding the luminosity uncertainty of ±3.7%. The latter is relevant for all backgrounds except for the fake lepton(s) background, 
which is measured using data. 



Physics Processes 
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Total 


Z/f+jets 

Diboson 

Top 
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26.1 

12.7 
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39 

13 

151 


± 
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Total Background 
Observed events 
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+ 


2.9 
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80.7 
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20.8 


230 
268 


± 


52 
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400 GeV 












Total Background 
Observed events 


48.4 
59 


± 


16.1 


4.4 
8 


+ 


2.1 
1.3 


24.6 
39 


± 


7.6 


77 
106 


± 


21 



used to correct the simulation for differences between data 
and MC and contribute ±13% and ±12%, respectively. 

The background and signal estimates derived from MC 
are affected by the jet energy scale (JES) calibration and the 
jet energy resolution (JER), theoretical and MC modelling 
uncertainties, and pj and Tj dependent uncertainties on the 
lepton identification and reconstruction efficiencies (identi- 
fication ±(0.2 - 3.3)%, pr scale ±(0.2 - 2)% and resolu- 
tion ±(0.4-10)%) ||431|5T1|521. The JES (±(2 -6)%) and 
JER (±(5 — 12)%) uncertainties applied depend on jet pj 
and TJ and are measured from the 2010 dataset [48 1. An ad- 
ditional contribution of ±(2 — 7)% to the JES uncertainty is 
added in quadrature to account for the effect of high lumi- 
nosity pile-up in the 201 1 dataset. MC modelling uncertain- 
ties for tt production I.28J are derived using different MC 
generators and varying, within their uncertainties, the pa- 
rameters that control initial and final state radiation. The re- 
sulting uncertainties are ±15% and ±(5 — 7)% for tt and 
diboson contributions respectively. 



Due to the limited knowledge of PDFs and Us, the uncer- 
tainties are evaluated using a range of current PDF sets with 
the procedure described in Ref. Il53l . The final uncertainty is 
taken from the outer bounds of the overall error bands. The 
PDF uncertainties are estimated to be ±9% for the LRSM 
signal and ±12% for the HNEO signals. 

8 Results and Interpretation 

The expected and observed numbers of events in each dilep- 
ton final state for the baseline selection and the LRSM se- 
lections are compared in Tables [T] and |2] for the OS and SS 
events, respectively. Additionally, the reconstructed masses 
of the A^ and Wr candidates, m(jfj) and miij(j\ respectively, 
are examined in each dilepton channel. Figures[T]and|2]show 
those distributions for the OS and SS channels (ee, /i/i, and 
epL combined). 

Given the good agreement between the data and the ex- 
pectations from SM processes, the results are used to set 
limits at 95% C.L. on the visible cross section, as^e, where 
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Fig. 1 Distributions of the reconstructed N invariant mass, '«//(/), for 
OS (top) and SS (bottom) dilepton events witli > 1 jets and m/f > 
1 10 GeV. A selection criterion 5t > 400 GeV is used for the OS se- 
lection. The hypothetical signal distributions for mjy = 0.3 TeV for ffy 
and A/A/a=2 TeV are superimposed. 



CJ is the cross section for new phenomena, £/ is the accep- 
tance (i.e. the fraction of events passing geometric and kine- 
matic selection requirements at the particle level), and e is 
the efficiency (i.e. the detector reconstruction and identifi- 
cation efficiency). For the HNEO model, si/e is about 10% 
for niN = 0.1 TeV and reaches a plateau value of about 28% 
at around m^ = 0.8 TeV, for all six dilepton channels. For 
the LRSM, £/e varies between 40% and 65% across the 
(mwp,,OTAr) plane. The lowest x/e occurs for small m^. It 
should be noted that the difference in £/e between the two 
models is dominated by the fact the decays to T leptons are 
included in generating the HNEO samples, while only de- 
cays to e and jj. are included in the LRSM samples. Table[3] 
quotes the limits obtained for each channel, after the base- 
line selection. 

The resulting limits for the interpretation of the data in 
terms of the HNEO and LRSM models are derived using as 
templates the reconstructed masses of the A^ and Wr can- 
didates in each dilepton channel. The baseline selection is 



Fig. 2 Distributions of the reconstructed Wr invariant mass, m((jij\, 
for OS (top) and SS (bottom) dilepton events with > 1 jets, mu > 
1 10 GeV, and m«y(j) > 400 GeV. A selection criterion 5t > 400 GeV 
is used for the OS selection. The hypothetical signal distributions for 
miyjj = 1.2 TeV and nifj = 0.1 TeV {niw^ = 1.5 TeV and m^v = 0.8 TeV) 
for the case of maximal mixing, are superimposed to the OS (SS) dis- 
tribution. 



used for the HNEO model, while the additional cut of ni(jjij\ 
is applied for the LRSM model. Systematic uncertainties 
from JES and JER are included as variations in the signal 
and background templates. The uncertainties on the mea- 
surement of Rfsks and /^prompt are included as variations in 



Table 3 Observed (obs) and expected (exp) 95% C.L. upper limits on 
the visible cross section, (cTja'e)'', for each OS and SS dilepton chan- 
nel after the baseline selection. 
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Fig. 3 Expected and observed 95% C.L. upper limits on Aj sja as a 
function of the mass of a heavy neutrino, for the operators ffy , Gs\l0sl^ 
and i^i3 , using the formalism of Lagrangian of effective operators, for 
the Majorana (top) and Dirac (bottom) scenarios. 



Fig. 4 Expected and observed 95% C.L. upper limits on the heavy 
neutrino and VKr masses for the Majorana (top) and Dirac (bottom) 
cases, in the no-mixing and maximal-mixing scenarios. 



the fake lepton background templates. All other uncertain- 
ties have no significant kinematic dependence. Correlations 
of uncertainties between signal and background, as well as 
across channels, are taken into account. 

The 95% C.L. exclusion limits on the mass of the heavy 
neutrino in the HNEO model and their dependence on A j \fa 
are shown in Fig. [3] for the Majorana and Dirac scenarios 
using various effective operator hypotheses. Figure 2]shows 
the exclusion limits for the masses of heavy neutrinos and 
the Wr boson in the LRSM interpretation, for the no-mixing 
and maximal-mixing scenarios between Ne and A^^ neutri- 
nos, for both the Majorana and Dirac heavy neutrinos hy- 
potheses. 

The above results are obtained with a Bayesian I.54J ap- 
proach, where systematic uncertainties are treated as nui- 
sance parameters with a truncated Gaussian as a prior shape. 
The prior shape on the parameters of interest, a x BR, is as- 
sumed to be flat. 



9 Conclusions 

A dedicated search for hypothetical heavy Majorana and 
Dirac neutrinos, and Wr bosons in final states with two high- 
p-Y same-sign or opposite-sign leptons and hadronic jets has 
been presented. In a data sample corresponding to an inte- 
grated pp luminosity of 2.1 fb^' at ^s = 7 TeV, no signifi- 
cant deviations from the SM expectations are observed, and 
95% C.L. limits are set on the contributions of new physics. 
Excluded mass regions for Majorana and Dirac neutrinos are 
presented for various operators of an effective Lagrangian 
framework and for the LRSM. The latter interpretation was 
used to extract a lower limit on the mass of the gauge boson 
Wr. For both no-mixing and maximal-mixing scenarios, Wr 
bosons with masses below « 1.8 TeV (« 2.3 TeV) are ex- 
cluded for mass differences between the Wr and A^ masses 
larger than 0.3 TeV (0.9 TeV). In the effective Lagrangian in- 
terpretation, considering the vector operator and Majorana- 
type heavy neutrinos, the lower limit on A /^/a ranges from 
~ 2.5 TeV to w 0.7 TeV for heavy neutrino masses ranging 



from 0. 1 TeV to 2.7 TeV. Comparable limits are obtained for 
Dirac-type neutrinos in both models. The results described 
represent the most stringent limits to date on the masses of 
heavy neutrinos and Wr boson obtained in direct searches. 
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J.R. Batley2^, A. Battaglia"', M. Battistin^**, F Bauer'^^ H.S. Bawa"'^.^, S. Beale*^^, T. Beau^^, PH. Beauchemin'*''', 
R. Beccherle50^ P Bechtle^", H.P Beck'^ S. Becker''^ M. Beckingham'", K.H. Becks'^^ A.J. Beddall'^^ A. Beddall'^^ 
S. Bedikian'^"*, V.A. Bednyakov^"*, C.P Bee^^^ j^ Begel^^, S. BeharHarpaz'", PK. Behera^^^ ^ Beimforde''^ 
C. Belanger-Champagne*^'', PJ. Bell^^ W.H. Bell'''*, G. Bella'", L. Bellagamba'^^ F Bellina^'*, M. Bellomo^'', 

A. Belloni", O. Beloborodova'"^-'^, K. Belotskiy''^ O. Beltramello^'*, S. Ben Ami'", O. Benary'^^^ j) Benchekroun'^'*^ 
C. Benchouk^^^ y[ Bendel^"*, N. Benekos"''', Y Benhammou'^^^ g Benhar Noccioli'*^, J.A. Benitez Garcia'^^'', 

D.P Benjamin"*^, M. Benoit""*, J.R. Bensinger^^, K. Benslama'^^, S. Bentvelsen'"'*, D. Berge^^, E. Bergeaas Kuutmann^', 

N. Berger"*, F Berghaus'^^, E. Berglund'""*, J. Beringer'"*, P. Bemat^^, R. Bernhard'*^, C. Bemius^"*, T. Berry^^, 

C. Bertella^^ A. Bertin'^^'^'', F Bertinelli^^ F Bertolucci'2'='''2ib, M.I. Besana^^^'*^^'', N. Besson'^^ S. Bethke***^, 

W. Bhimji'*^ R.M. Bianchi^^ M. Bianco^'^'^"', O. Biebel^^ S.P Bieniek^*', K. Bierwagen", J. Biesiada'"*, M. Biglietti'33% 

H. Bilokon'*^ M. Bindi''^^''"', S. Binet'"*, A. Bingul'*^^ C. Bini'^'^ '3"', C. Biscarat'^*', U. Bitenc4^ K.M. Black^', 

R.E. Blair^, J.-B. Blanchard'^^ G. Blanchot^'^, T. Blazek"'3^ C. Blocker^z, J. Blocki3^ A. Blondel'*'', W. Blum**'', 

U. Blumenschein", G.J. Bobbink"*", V.B. Bobrovnikov"''', S.S. Bocchetta^**, A. Bocci'*", C.R. Boddy"^, M. Boehler"*', 

J. Boek'^^ N. Boelaert^^ J.A. Bogaerts^**, A. Bogdanchikov"''', A. Bogouch**'^*, C. Bohm''*^^ V. Boisvert", T. Bold", 

V. Boldea25^ N.M. Bolnet'^^ M. Bona^", V.G. Bondarenko''^ M. Bondioli'^^^ ^ Boonekamp'^^, C.N. Booth'^^ 

S. Bordoni^^, C. Borer"', A. Borisov'^^, G. Borissov™, I. Borjanovic'^^ M. Borri^', S. Borroni^^, V. Bortolotto'^^^'^^'', 

K. Bos"'"', D. Boscherini'^^ M. Bosman", H. Boterenbrood'""', D. Botterill'^^, J. Bouchami^^, J. Boudreau'^^, 

E.V. Bouhova-Thacker^'*, D. Boumediene^^, C. Bourdarios"'', N. Bousson^^, A. Boveia^'*, J. Boyd^^, I.R. Boyko^''^, 

N.I. Bozhko'^^, I. Bozovic-Jelisavcic'2'', J. Bracinik'^, A. Braem^^, P. Branchini'^^^ G.W. Brandenburg^^, A. Brandt^, 

G. Brandt"^, O. Brandt^"*, U. Bratzler'", B. Brau^^ J.E. Brau"^ H.M. Braun'^^ B. Brelier'", J. Bremer^^, 

R. Brenner'^^ S. Bressler'™, D. Britton", FM. Brochu^^, I. Brock^", R. Brock^^, T.J. Brodbeck™, E. Brodet'", 

F. Broggi^^", C. Bromberg^'', J. Bronner^^, G. Brooijmans^"*, W.K. Brooks^"', G. Brown^', H. Brown^, 

PA. Bruckman de Renstrom^^, D. Bruncko'"'^'', R. Bruneliere"*^, S. Brunet''*', A. Bruni'^", G. Bruni'^'', M. Bruschi'^'', 

T. Buanes'^ Q. Buat^^ F Bucci"'', J. Buchanan"^, N.J. Buchanan^, P Buchholz''*'', R.M. Buckingham"^, 

A.G. Buckley45, S.I. Buda^^^ LA. Budagov*^"^ g Budick"'^ V. Buscher^", L. Bugge"^ O. Bulekov'^^ M. Bunse42, 

T. Buran"^, H. Burckhart^^, S. Burdin^^^ j Burgess'^ S. Burke'^^, E. Busato^^ P Bussey", C.P Buszello'^^ F Butin^*^, 

B. Butler"'^, J.M. Butler^', CM. Buttar", J.M. Butterworth^^, W. Buttinger^^, S. Cabrera Urban'^^, D. Caforio''^'''''^'', 
O. Cakir3^ P Calafiura'", G. Calderini^\ P Calfayan'^\ R. Calkins "'^ L.P Caloba^^^ R. Caloi'^''''^"', D. Calvet^^ 
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S. Calvet^^ R. Camacho Toro^^ P. Camam^^2a,i32b^ ^ Cambiaghii'^''^'i^'', D. Cameroni'^, L.M. Caminada^^^ 
S. Campana^^ M. Campanelli^*', V. Canaleio^"'"'''', F. Canelli^'^^A', A. Canepal5**^ J. Cantero^^ L. Capasso'O'"''"''', 
M.D.M. Capeans Garrido^'^, I. Caprini^S", M. Caprini^Sa, D. Capriotti''^ M. Capua^*'"-^*''', R. Caputo^", C. Caramarcu^'*, 
R. Cardarellii32a^ j Carli^^ G. Carlinol''l^ L. Carminati^^'''^^'', B. Caron^^^ § Caron^'^^ G.D. Carrillo Montoya"^ 
A.A. Carter^^^ j r Carter^^ J. Carvalho'^^a,''^ d. Casadei"'^ M.R Casado", M. Cascella'^ia.nib^ (^ (^^g^soa^sob,*^ 
A.M. Castaneda Hernandez^^^ E. Castaneda-Miranda'^', V. Castillo Gimenez^'''', N.F. Castro'^^", G. Cataldi^'", 

F. Cataneo^'', A. Catinaccio^^, J.R. Catmore^*^, A. Cattai^'', G. Cattanii32a,i32b^ 3 Caughron^'^, D. Cauz'''3'''l*'^^ 

R Cavalleri^\ D. Cavalli^**^ M. Cavalli-Sforzai\ V. Cavasinnii2ia,i2ib^ p Ceradinii33a,i33b^ ^ S Cerqueira^^b, A. Cerri^'', 
L. Cerrito^'*^ p Cerutti'^^ S.A. Cetini**'', F. Ceveniniioi" i"''', A. Chafaq'^^a^ ^ Chakraborty"'^ K. Chan^, B. Chapleau**'*, 
J.D. Chapman^^, J.W. Chapman^*', E. Chareyre", D.G. Charlton'^, V. Chavda^\ C.A. Chavez Barajas^'', S. Cheatham^'*, 
S. Chekanov^ S.V. Chekulaevi5^% G.A. Chelkov'^'*^ ^^ Chelstowskai^^ C. Chen^^ H. Chen^"*, S. Chen^^c^ j Chen^^c^ 
X. Chenl^^ S. Cheng^^a^ ^ Cheplakov*"*, V.F Chepumov*'^, R. Cherkaoui El Mourslii^^e^ y Chemyatin24, E. Cheu*', 
S.L. Cheungis^ L. Chevalier^^^ G. Chiefari^oi^'^O''', L. Chikovani5l^ J.T. Childers^'', A. Chilingarov™, G. Chiodini^l^ 
A.S. Chisholm", M.V. Chizhov'^'*, G. Choudalakis^'', S. Chouridou"*', LA. Christidi™, A. Christov'*^ 
D. Chromek-Burckhart^'', M.L. Chui^", J. Chudobai24, G. Ciapetti"''''!^!'', K. Ciba^^ A.K. Ciftci3'\ R. Ciftci3^ 
D. Cinca3^ V. Cindro", M.D. Ciobotam'''^, C. Ciocca^'''', A. Ciocio^^^ ^ cirilli^*', M. Citterio****", M. Ciubancan^S", 
A. Clark'*'', RJ. Clark^^, W. Cleland^^z, j.c. Clemens^^^ g Clement^^ C. Clementi45a,i45b^ ^ -^ Clifft^^s, Y. Coadou^^^ 
M. Cobali*'^'' 1*^30^ ^ Coccaroi^i, J. Cochran'^^ R Coeii\ J.G. Cogan'^z, J. Coggeshalli'^^^ p Cogneras"*', J. Colas'*, 
A.R Colijn"''*, N.J. Collins'^ C. Collins-Tooth^^ J. CoUot^^ G. Colon**^ R Conde Muiho^^^^ E. Coniavitis**\ 
M.C. Conidi^', M. Consonnii^^ V. Consorti'*^ S. Constantinescu^^", c. Conta'^^"-!'*"', F Conventi*"'"', J. Cook^^, 
M. Cooke'"*, B.D. Cooper^*', A.M. Cooper-Sarkar'", K. Copic"*, T. Cornelissen*", M. Co^-adil''^ F Corriveau^'*-', 
A. Cortes-Gonzalez'*''*, G. Cortiana''^ G. Costa^^", M.J. Costa**'*', D. Costanzo'^^ T. Costin^", D. Cote^'', 
R. Coura Torres2^^ L. Courneyea**'^ G. Cowan^^ C. Cowden^^, B.E. Cox^', K. Cranmer*"^, F Crescioh'^'^'^*'', 
M. Cristinziani^o, G. Crosetti^*"''^*''', R. Crupi'^*"^'^**', S. Crepe-Renaudin^^ C.-M. Cuciuc^^", c. Cuenca Almenar'^"*, 
T. Cuhadar Donszelmann'^^ M. Curatolo'*^, C.J. Curtis*^ C. Cuthbert*'*'', R Cwetanski*'", H. Czirr*'*'', R Czodrowski'*^ 
Z. Czyczula*^'*, S. D'Auria5^ M. D'Onofrio^^^ ^ Q^Qj-^^^^UU.mh^ P.VM. Da Silva^^^ C. Da Via^*, W. Dabrowski^^, 
T. Dai^*', C. Dallapiccola**^ M. Dam^^ M. Dameri^'''''^'"', D.S. Damiani*^*', H.O. Danielsson^'', D. Dannheim''^ V. Dao'*'', 

G. Darbo^"", G.L. Darlea^^b, W. Davey^", T. Davidek'^^, N. Davidson**^ R. Davidson™, E. Davies*'^ "', M. Davies''^, 
A.R. Davison^^, Y. Davygora^^''', E. Dawe*'**, I. Dawson*^^, J.W. Dawson^ *, R.K. Daya-Ishmukhametova^^, K. De^, 
R. de Asmundis*''*^ S. De Castro*''"*'"', RE. De Castro Faria Salgado^'*, S. De Cecco^^, J. de Graat''^, N. De Groot*"^ 
R de Jong*"'*, C. De La Taille**'*, H. De la Torre^'', B. De Lotto**'^'' **^3c^ l de Mora™, L. De Nooij**"*, D. De Pedis*3*% 

A. De Salvo*^*^ U. De Sanctis**^3a,i63c^ ^ q^ Santo*'*^ J.B. De Vivie De Regie**'*, S. Dean^*^, W.J. Deamaley™, 

R. Debbe^'*, C. Debenedetti'*^ D.V. Dedovich*"*, J. Degenhardt**'', M. Dehchar**^, C. Del Rapa**'^'' **^3c^ j p^j pgso™, 
T. Del Rrete*2*''.*2ib^ j Delemontex^^, M. Deliyergiyev^^ A. Dell'Acqua^'', L. Dell'Asta^*, M. Delia Pietra****"', 

D. della Volpe*"*''****'', M. Delmastro"*, N. Delruelle^'', RA. Delsart^^ C. Deluca*'*^ S. Demers*^'*, M. Demichev'''*, 

B. Demirkoz**'*, J. Deng**'^, S.R Denisov*^^, D. Derendarz^^ J.E. Derkaoui*^'*'*, F. Derue", R Dervan^^^ ^ Desch^", 

E. Devetak*'*^ RO. Deviveiros*""*, A. Dewhurst*^^, B. DeWilde*'*^, S. Dhahwal*", R. Dhullipudi^"* ', 

A. Di Ciaccio*32a,i32b^ L Di Ciaccio'*, A. Di Girolamo^'', B. Di Girolamo^'', S. Di Luise*^^"'*^^*', A. Di Mattia*^*, 

B. Di Micco^'', R. Di Nardo'*^, A. Di Simone*32a,i32b^ ^ £,j Sipio*'''''*'"', M.A. Diaz3*^ F Diblen***", E.B. Diehl^*', 

J. Dietrich"**, T.A. Dietzsch5^^ S. DigHo**^ K. Dindar Yagci^'', J. Dingfelder™, C. Dionisi*^*'' *3ib^ r Dita^^^ s. Dita^^^ 

F Dittus^'', F Djama^^ T. Djobava^**', M.A.B. do Vale^^*:, A. Do Valle Wemans*23'\ T.K.O. Doan'*, M. Dobbs**'*, 

R. Dobinson 2'' *, D. Dobos^'', E. Dobson^''™, J. Dodd^"*, C. Doglioni'*'', T. Doherty5^ Y. Doit's*, J. Dolejsi*^^, L Dolenc^^ 

Z. Dolezal*25, B.A. Dolgoshein''^ *, T. Dohmae*^'*, M. DonadelH^^'*, M. Donega**'', J. Donini^^ J. Dopke^'', A. Doria*"*", 

A. Dos Anjos*^*, M. Dosil**, A. Dotti*2i'''.*2ib^ m.T. Dova*^'', J.D. Dowell*\ A.D. Doxiadis*""*, A.T. Doyle5^ Z. Drasal*^^, 

J. Drees*^^, N. Dressnandt**^, H. Drevermann^^, C. Driouichi^^, M. Dris'', J. Dubbert''^, S. Dube*'*, E. Duchovni*^**, 

G. Duckeck^^, A. Dudarev^'', R Dudziak*'^ M. Duhrssen 2'', LP Duerdoth^*, L. Duflot**'*, M-A. Dufour^"*^ jyj Dunford^'', 

H. Duran Yildiz3^ R. Duxfield*^^ M. Dwuznik^^ F Dydak 2*^, M. Duren^^ W.L. Ebenstein'*'*, J. Ebke^\ S. Eckweiler*^", 

K. Edmonds*^", C.A. Edwards", N.C. Edwards5^ W. EhrenfeW**, T. Ehrich''^ T. Eifert*'*2, G. Eigen*^ K. Einsweiler*'*, 

E. Eisenhandler^"*, T. Ekelof*'^^ M. El Kacimi*34^ M. Ellert**'^ S. Files'*, F ElHnghaus^**, K. Ellis^'*, N. Ellis^^ 

J. Elmsheuser^^, M. Elsing^^, D. Emeliyanov*^^, R. Engelmann*'*^, A. Engl^^, B. Epp^*, A. Eppig^^, J. Erdmann^'*, 

A. Ereditato**', D. Eriksson*'*5% J. Ernst*, M. Ernst^'*, J. Ernwein*^^, D. Errede**''*, S. Errede*'''*, E. Ertel^", M. Escalier* *"*, 

C. Escobar*^^, X. Espinal Curull**, B. Esposito'*^, F. Etienne^^, A.I. Etienvre*^^, E. Etzion*^^, D. Evangelakou^'*, 

H. Evans*^", L. Fabbri*'^''-*'"', C. Fabre^'', R.M. Fakhrutdinov*^^ S. Falciano*3*^ Y Fang*^*, M. Fanti*^^'''*^^*', A. Farbin\ 
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A. Farilla'^^'', J. Farley ^^^, T. Farooque^^^, S.M. Farrington^'^, P. Farthouat^^, P. Fassnacht^^, D. Fassouliotis^, 

B. Fatholahzadeh^^^, A. Favareto^**'''^**'', L. Fayardii"*, s. Fazio^'^^-^'^'', R. Febbraro3^ P Federici'^3% O.L. Fedin^^O, 
W. Fedorko^^, M. Fehling-Kaschek'*^ L. Feligioni**^, D. Fellmann^ C. Feng^^d^ £ j peng30^ a.B. Fenyuk'^^, 

J. Ferencei'^^'', J. Ferland^^, W. Fernando"'^, S. Ferrag^^, J. Ferrando^^, V. Ferrara^^, A. Ferrari'^^, P. Ferrari^"^, 

R. Ferrari '^^^ D.E. Ferreira de Lima^^ A. Ferrer^*^, M.L. Ferrer"*^, D. Ferrere'*'*, C. Ferretti^*', A. Ferretto Parodi^"'''^*"', 

M. Fiascaris^"*, F Fiedler^", A. Filipcic^^ A. Filippas'^, F Filthaut^''^ M. Fincke-Keeler^^^ M.C.N. Fiolhais^23a,/i^ 

L. Fiorini^*'^ A. Firan^^ G. Fischer^i, R Fischer ^0, M.J. Fisher'^^ M. Flechl'*^ I. Fleck'^O, J. Fleckner^", 

R Fleischmann'^2^ S Fleischmann'^^ T. Flick^^^ A. Floderus^^ L.R. Flores Castillol^^ M.J. Flowerdew'^^ M. Fokitis^, 

T. Fonseca Martin^'', D.A. Forbush'^^, A. Formica'^^, A. Forti^', D. Fortin'^^% J.M. Foster^', D. Fournier' ^'*, A. Foussat^^, 

A.J. Fowler'*'*, K. Fowler'^'', H. Fox™, R Francavilla^', S. Franchino^'^^'^^'', D. Francis^'', T. Frank'™, M. Franklin^^, 

S. Franz^^, M. Fratemali''^^'*^'', S. Fratina'^'*, S.T. French^^, F Friedrich '^^, R. Froeschl^'^, D. Froidevaux^^, J.A. Frost^^, 

C. Fukunaga'^^, E. Fullana Torregrosa^^, J. Fuster'*'^, C. Gabaldon^^, O. Gabizon'™, T. Gadfort^''^, S. Gadomski'*^, 
G. Gagliardi^o^'SOb^ p Gagnon'^'', C. Galea'^^ E.J. Gallas''\ V. Gallo'*^, B.J. Gallop'^S, p. Gallus'24^ j^ j^ Gan^''^ 
Y.S. Gao'^'^.e^ y A Gapienko'27, A. Gaponenko'^ F. Garberson'^"*, M. Garcia-Sciveres^'*, C. Garcia'^'', J.E. Garcia 
Navarro'*'^, R.W. Gardner^"*, N. Garelli^^, H. Garitaonandia'*"^, V. Garonne^*^, J. Garvey'^, C. Gatti'*^, G. Gaudio''^^ 
B. Gauri"*", L. Gauthier'^^ I.L. Gavrilenko'*^ C. Gay''^^ G. Gaycken^", J-C. Gayde^^, E.N. Gazis**, R Ge^^d^ 
C.N.R Geei28, D.A.A. Geerts^O'*, Ch. Geich-Gimbel™, K. Gellerstedt^'^^''''^^'', C. Gemme^°^ A. Gemmell5^ 

M.H. Genest^^, S. Gentile'^'^'^^^'', M. George^"*, S. George^^ R Geriach'^^ A. Gershon^^^^ q Geweniger5^^ 

H. Ghazlane'^'*'', N. Ghodbane^^ B. Giacobbe'^^ S. Giagu'^'^'^^"', V. Giakoumopoulou^ V. Giangiobbe'^ F Gianotti^'^, 

B. Gibbard24, A. Gibson'", S.M. Gibson^**, L.M. Gilbert'", V. Gilewsky^^, D. Gillberg^^ A.R. Gillman'^s, 

D.M. Gingrich^ '', J. Ginzburg'^^^ n. Giokaris^ M.R Giordani'^^^ R. Giordano""^ '""', FM. Giorgi'^ R Giovannini'^^ 
PR Giraud'^^ D. Giugni^*^^ M. Giunta'^^^ R Giustil'^^ B.K. Gjelsteni'*', L.K. Gladilin'^^ C. Glasman™, J. Glatzer'^^ 
A. Glazov'*', K.W. Glitza'^^ G.L. Glonti^'', J.R. Goddard^'', J. Godfrey'"*', J. Godlewski^^ M. Goebel"", T. Gopfert''^ 

C. Goeringer^'', C. G6ssling'*2, T. Gottfert'^^ S. Goldfarb^^ T. GoUing'^"^ ^ Gomes'^^^.i-, L.S. Gomez Fajardo"', 

R. Gongalo^^, J. Goncalves Pinto Firmino Da Costa"", L. Gonella™, A. Gonidec^^, S. Gonzalez'^', S. Gonzalez de la 

Hoz'^*', G. Gonzalez Parra", M.L. Gonzalez SiW*', S. Gonzalez-Sevilla'*'^, J.J. Goodson"*^, L. Goossens^'^, 

RA. Gorbounov'^'*, H.A. Gordon^", I. Gorelov"'^, G. Gorfine'^^ B. Gorini^'*, E. Gorini^'^'^"', A. Gorisek^^ E. Gornicki^^ 

S.A. Gorokhov'27, V.N. Goryachev'^^, B. Gosdzik"", M. Gosselink"''', M.L Gostkin^'*, I. Gough Eschrich"'^, 

M. Gouighri'^'*^ D. Goujdami'^'''=, M.R Goulette'*'*, A.G. Goussiou'", C. Goy"*, S. Gozpinar^^, I. Grabowska-Bold", 

R Grafstrom^^, K-J. Grahn"*', F Grancagnolo^'^ S. Grancagnolo'^, V. Grassi"*^, V. Gratchev'™, N. Grau^"*, H.M. Gray^*^, 

J.A. Gray"*^, E. Graziani'^^^ O.G. Grebenyuk'^", T. Greenshaw^^^ ^.D. Green wood^"*', K. Gregersen^^ I.M. Gregor'*', 

R Grenier'42^ J. Griffiths'", N. Grigalashvili'^^, A.A. Grillo'^^ S. Grinstein", Y.V. Grishkevich'^^ J.-F Grivaz'"', 

M. Groh^^ E. Gross '^°, J. Grosse-Knetter^"*, J. Groth-Jensen'™, K. Grybel""*, V.J. Guarino^ D. Guest'^"*, C. Guicheney^^ 

A. Guida^'^'^"', S. Guindon^'', H. Guler*^'''", J. Gunther'^^, B. Guo'", J. Guo^"*, A. Gupta™, Y. Gusakov'^^, 

V.N. Gushchin'27, R Gutierrez ' "*, N. Guttman'^^^ q Qutzwiller'^', C. Guyot'^^ C. Gwenlan"^, C.B. GwilHam^^^ 

A. Haas'42, S. Haas^^, C. Haber'", H.K. Hadavand^^ D.R. Hadley'^, R Haefner^^ F Hahn^^, S. Haider^^, Z. Hajduk^^ 
H. Hakobyan'", D. Hall"\ J. Haller^'*, K. Hamacher'", R Hamal''^, M. Hamer^"^ ^ Hamilton'^^b,", s. Hamilton'^'', 

H. Han^^a^ l. Han"'', K. Hanagaki"^ K. Hanawa'^*^, M. Hance"', C. Handel™, R Hanke5*^^ J.R. Hansen", J.B. Hansen", 
J.D. Hansen", PH. Hansen", R Hansson"'^, K. Hara'^^, G.A. Hare'^*', T. Harenberg'^^ S. Harkusha^^, D. Harper^'', 
R.D. Harrington"*^, O.M. Harris'^^, K. Harrison'^, J. Hartert"*^, F Hartjes"'"', T. Haruyama''^, A. Harvey^'', S. Hasegawa"*", 
Y Hasegawa'^'*, S. Hassani'", M. Hatch^**, D. Hauff^^ S. Haug'^ M. Hauschild^'*, R. Hauser^^ M. Havranek™, 
B.M. Hawes"^, CM. Hawkes'^, R.J. Hawkings^**, A.D. Hawkins^^ D. Hawkins "'2, T. Hayakawa^*', T. Hayashi'^^, 

D. Hayden", H.S. Hayward^^ S.J. Haywood'^^, E. Hazen^', M. He"'', S.J. Head'\ V. Hedberg^^ L. Heelan\ S. Heim*^\ 

B. Heinemann''*, S. Heisterkamp", L. Helary"*, C. Heller^\ M. Heller^'', S. Hellman'-^^^'^Sb, D. Hellmich™, C. Helsens", 
R.C.W. Henderson^**, M. Henke^^^, A. Henrichs^^, A.M. Henriques Correia^^, S. Henrot-Versille"'*, F. Henry-Couannier^^, 

C. Hensel^"*, T. Henfi'^^ CM. Hernandez^, Y Hernandez Jimenez'^^, R. Herrberg'^ A.D. Hershenhom'^', G. Herten''^ 
R. Hertenberger^^, L. Hervas^'', G.G. Hesketh^*', N.R Hessey'"'*, E. Higon-Rodriguez'^'^, D. Hill^*, J.C Hill^^ N. Hill^ 
K.H. Hiller^', S. Hillert™, S.J. Hilher'^ I. Hinchliffe'", E. Hines"^ M. Hirose"^ R Hirsch42, D. Hirschbuehl'", 

J. Hobbs''*^ N. Hod'52, M.C Hodgkinson'", R Hodgson'", A. Hoecker^^, M.R. Hoeferkamp"'^, J. Hoffman", 

D. Hoffmann*^2^ M. Hohlfeld™, M. Holder'™, S.O. Holmgren"*5^ T. Holy'^^, J.L. Holzbauer^^ Y Homma'^^ 

T.M. Hong"^ L. Hooft van Huysduynen'"^, T. Horazdovsky'^^, C Hom'42, S. Homer^^, J-Y Hostachy", S. Hou'™, 
M.A. Houlden^2^ ^ Hoummada'"^ J. Howarth^', D.F Howell"^, I. Hristova '^ J. Hrivnac"'*, I. Hruska'^"*, T. Hryn'ova"*, 
RJ. Hsu™, S.-C Hsu'"*, G.S. Huang"", Z. Hubacek'^^, R Hubaut^^^ p Huegging^", A. Huettmann"*', T.B. Huffman"^, 
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E.W. Hughes^"*, G. Hughes™, R.E. Hughes-Jones^', M. Huhtinen^'', P. Hurst^^, M. Hurwitz''*, U. Husemann'*^ 

N. Huseynov*'"^''', J. Huston^'', J. Huth^^, G. lacobucci'*^, G. lakovidis^, M. Ibbotson**^ I. Ibragimov '"*'', R. Ichimiya'''', 

L. Iconomidou-Fayard'^^, J. Idarraga^''*, R lengo'*''^, O. Igonkina'"^, Y. Ikegami*'^, M. Ikeno''^, Y. Ilchenko^^, 

D. niadis'53^ f^ jjj^i57^ j^ Imorii54^ j Ince^", J. Inigo-Golfin^^ R loannou^ M. Iodicel33^ V. Ippolito^^^^i^i'', 
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E. Musto'O'^'"'"', A.G. Myagkov'27, M. Myskai24, j. Nadal", K. Nagai'^*^, K. Nagano'^^ A. Nagarkar"'^ Y Nagasaka^^ 
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V. Pozdnyakov*''^, R. Prabhu^^, R Pralavorio^^^ ^ Pranko''^, S. Prasad^*^, R. Pravahan^, S. Prell*'^ K. Pretzl^'', L. Pribyl^'*, 
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